A Lagrangian model has been developed to study acidic deposition due to radiation fog. The model couples submodels describing the development and dissipation of radiation fog, the gas-phase chemistry and transfer, and the aqueous-phase chemistry. The model is applied to a radiation fog episode in Bakersfield in the San Joaquin Valley of California over the period January 4-5, 1985. Model predictions for temperature profile, fog development, liquid water content, gas-phase concentrations of SO2, HNO3, and NH 3, pH, aqueous-phase concentrations of SO42-, NH•-, and NO•-, and finally deposition rates of the above ions are compared with the observed values. The deposition rates of the major ions are predicted to increase significantly during the fog episode, the most notable being the increase of sulfate deposition. Pathways for sulfate production that are of secondary importance in a cloud environment may become significant in a fog. Expressing the mean droplet settling velocity as a function of liquid water content is found to be quite influential in the model's predictions. Mathematical models describing atmospheric processes are a major tool in our effort first to understand and then to control acidic deposition. The first step in acidic deposition processes is the emission to the atmosphere of SO2 and NOx. SO2 and NOx can be oxidized in the atmosphere, yielding sulfuric and nitric acid vapors. Due to its very low vapor pressure, sulfuric acid is rapidly incorporated into aerosol particles, while nitric acid may be scavenged by particles or droplets or remain in the gas phase. Inside a cloud or a fog, gas-phase species like SO2, HNO3, NH3, H202, and aerosol particles are scavenged by water droplets, resulting in a solution that can be significantly acidic. It was initially believed that the scavenging of these acids by cloud, fog, and rain droplets was the major source of sulfuric and nitric acid observed in precipitation. It is now recognized that cloudwater and fogwater acidity may result not only from incorporation of strong acids present in clear air but also from aqueous-phase oxidation reactions, most notably oxidation of S(IV) to S(VI). [Eagleman, 1985] . Upslope tog is generated by the cooling of the air as it is forced to rise over hills and mountains. Advection fog is created through contact cooling of warm air with a cold surface or through advection of cold air over warm water. Frontal fog can be created as weather, especially warm fronts, passes through an area. Finally, radiation fog (or ground fog) is generated as the Earth's surface cools by loss of radiation to space at night. This study focuses on the development of radiation fog because it is one of the most frequently encountered fog forms in heavily polluted areas [Mttnger et al., 1989]. It is important to note, however, that the main ideas concerning the modeling of radiation fog can be extended and applied to other fog categories and especially to advection and upslope fog.
INTRODUCTION
The importance of acid fog as a component of the general acidic deposition phenomenon has recently been recognized. Mathematical models describing atmospheric processes are a major tool in our effort first to understand and then to control acidic deposition. The first step in acidic deposition processes is the emission to the atmosphere of SO2 and NOx. SO2 and NOx can be oxidized in the atmosphere, yielding sulfuric and nitric acid vapors. Due to its very low vapor pressure, sulfuric acid is rapidly incorporated into aerosol particles, while nitric acid may be scavenged by particles or droplets or remain in the gas phase. Inside a makes it ideal for the testing of chemical reaction mechanisms and model assumptions and for studying the sensitivity of the model to various inputs and parameters. Furthermore, the relatively low computing cost allows the use of higher vertical resolution than in a three-dimensional model and thus affords the opportunity to explore phenomena sensitive to height above the ground.
In this paper, we begin with a physical description of the system of interest, with emphasis on the physics of radiation fog. Next we present separately the gas-phase chemistry, aqueous-phase chemistry, and radiation fog dynamics submodels and then describe the complete model. The full model is then evaluated against data obtained during a well-documented radiation fog episode in the San Joaquin Valley of California [Waldman, 1986; Jacob et al., 1987] . Sensitivity studies address the effects of fog formation on the deposition rates and on the aerosol mass and the chemical pathways that contribute to sulfate formation. RADIATION 
FOG AND ACID DEPOSITION
By definition, a fog is a cloud of liquid water droplets near the Earth's surface that reduces visibility to less than 1 km [Eagleman, 1985] . If humid air near the ground is cooled sufficiently, it becomes saturated, and a fog develops. Typical fogs are classified according to the process that causes the cooling of the air. The types identified are upslope, advection, frontal, and radiation fogs [Eagleman, 1985] . Upslope tog is generated by the cooling of the air as it is forced to rise over hills and mountains. Advection fog is created through contact cooling of warm air with a cold surface or through advection of cold air over warm water. Frontal fog can be created as weather, especially warm fronts, passes through an area. Finally, radiation fog (or ground fog) is generated as the Earth's surface cools by loss of radiation to space at night. This study focuses on the development of radiation fog because it is one of the most frequently encountered fog forms in heavily polluted areas [Mttnger et al., 1989] . It is important to note, however, that the main ideas concerning the modeling of radiation fog can be extended and applied to other fog categories and especially to advection and upslope fog.
The various stages in the development of a typical radiation fog can be visualized by following the movement of an air parcel during a 24-hour period. During the daytime the air parcel collects water vapor and aerosol particles (sea salt, dust, primary and secondary particles of anthropogenic origin). The air temperature is high, and the relative humidity is low. In the late afternoon the heat loss of the ground due to radiation to space exceeds the heating rate due to solar radiation, and the ground temperature starts decreasing. After sunset, as the cooling of the ground continues, the air within the lowest few meters also cools, due to heat transfer to the cooler ground. The radiational heat loss of the surface is partially balanced by heat conducted upward to the ground surface because of the temperature gradient created in the first few centimeters in the soil. At a specific relative humidity, which for most soluble components in the atmosphere is well below 100%, aerosol particles that are not already liquid deliquesce into aqueous solution drops. As the ambient relative humidity keeps increasing, the droplets undergo a slow equilibrium growth by water vapor diffusion [Pruppacher and Klett, 1980] . The air near the ground approaches saturation. At this stage, dew deposition occurs.
Whether fog forms at this point depends on several factors such as cloud cover (clouds reduce radiative cooling), wind speed (turbulent diffusion tends to dry and may warm the air), and water vapor concentration. If there are no clouds and the wind speed is very low and the water vapor concentration is high enough, then fog starts forming in the lowest few meters. When the relative humidity reaches a critical supersaturation, depending on the size and chemical composition of the aerosol present. the droplets become activated and grow freely by water vapor diffusion.
The air near the top of the fog is cooling rapidly due to radiation of the fog droplets to space, and consequently, the fog propagates upward. At the same time that the fog thickness increases, the radiative losses of the ground decrease due to the liquid water shield over it, and the ground temperature starts increasing from heat conduction upward through the soil. The air near the ground thus warms, and the fog near the ground thins out.
When the sun comes out, fog dissipation is accelerated, and liquid water evaporates rapidly at both the top and bottom of the fog. As the relative humidity decreases, the water evaporates from the fog droplets, leaving aerosol particles. The fog life cycle affects the aerosol concentration and composition in various ways. The aerosol particles grow because of water vapor diffusion, and their gravitational settling and subsequent deposition are accelerated. At the same time, fog droplets scavenge soluble gases like nitric acid and ammonia and act as the medium for various aqueous-phase reactions, including the oxidation of sotbed SO2 to sulfate.
MODEL DESCRIPTION
A complete model for acidic deposition due to fog should include descriptions of several physicochemical processes for all three phases existing in the atmosphere, namely, the gaseous, the aqueous, and the aerosol phase (Figure 1 ). Important processes that should be modeled are the emission of gas-phase species (SO2, NH3, NO,, hydrocarbons) and particles, the reactions of species in the gas phase, the nucleation and condensation of gaseous species to aerosol particles, and the mass transfer (diffusion and advection) and dry deposition of gases and aerosol. Additionally, a description of the physical process that causes the cooling of the moist air (radiative cooling for radiation fog) is necessary. The condensation of water vapor on the aerosol particles that serve as condensation nuclei and the subsequent growth of the water droplets is the next step. After the appearance of the aqueous phase, one should account for the scavenging of gaseous species by the water droplets, their ionization, and aqueous phase reactions. The gravitational settling of droplets and their deposition on the ground must also be described. The last step of the phenomenon is the evaporation of the aqueous phase, leaving an aerosol residue.
A full description of all the above processes requires a model capable of predicting the changes of the aerosol and water droplet size chemical composition spectrum. The present study focuses on the chemical changes in both the gas and aqueous phases, and an explicit treatment of the aerosol microphysics has not been included. Size-dependent processes of interest such as the aerosol particle scavenging by fogwater, gravitational settling, and radiative cooling of fog droplets have been parameterized. The model is capable of predicting the liquid water profile, and the gas-and aqueous-phase concentration profiles for all species but does not account for the size or composition spectrum of aerosol particles or fog droplets. The mathematical model employed in this study consists of three interacting submodels simulating gas-phase chemistry, fog development, and aqueous-phase chemistry. These three models will initially be described independently.
Gas-Phase Model
The gas-phase model describes atmospheric chemical reactions, turbulent vertical diffusion, horizontal advective transport, and ground level pollutant deposition. It is based on the numerical solution of the Lagrangian trajectory form of the atmospheric diffusion equation presented by McRae et al. [1982] . Except for the changes mentioned below, the methods employed here are as described by McRae et al. [1982] .
The detailed SAPRC/ERT gas-phase chemical reaction mechanism [Carter et al., 1986] with the modifications and extensions of Carter and Atkinson [1988] has replaced the previously used mechanism. It contains 154 reactions and 62 species (39 active, seven accumulating, and 16 steady state species). The photochemical mechanism preparation and emissions processing software of Carter and Atkinson [ 1988] has been used to prepare the gas-phase mechanism dependent part of the code.
Radiation Fog Model
The governing equations of the radiation model are the one-dimensional continuity equations for heat (for air and soil), water vapor, and liquid water: 
Aqueous-Phase Model
The aqueous-phase chemical reaction mechanism used in this study is described by Pandis and Seinfeld [1989] . The mechanism includes the dynamic exchange of species between the gaseous and aqueous phases in a homogeneous parcel of air containing liquid water droplets. The chemical mechanism includes 49 individual aqueous-phase species, 17 aqueous-phase ionic equilibria, 20 gas-phase aqueous-phase reversible reactions, and 109 aqueous-phase reactions. 
where Agas is the gas-phase operator described for the gas-phase submodel. At this stage the temperature and relative humidity constitute an input to the model. When the relative humidity exceeds 90%, the first stage is over, and we enter the fog development stage. Initial temperature and relative humidity profiles are provided as an input, and the fog submodel becomes active. The first nine of the 12 major cells of the gas submodel are divided into smaller cells for the solution of the fog model equations (1), (3), and (4). When liquid water is created in a cell, the aqueous-phase chemistry submodel is also used. The existing aerosol particles are assumed to be completely scavenged by fog droplets upon the formation of a liquid water phase [Ten Brink et al., 1987] . In this way, the aerosol mass provides the initial concentrations of sulfate, nitrate, and ammonia in fogwater.
The aqueous-phase chemistry calculation is performed within the fog region of the main grid. The liquid water content for each of these cells is an average over the liquid water profile provided by the fog submodel.
During radiation fog, wind speeds remain generally under 2 m s -• [Forkel et al., 1987; Waldman, 1986] ; therefore during the life cycle of the radiation fog, one can assume that the Lagrangian cell is stationary. Under this assumption, the energy balance is valid because the cell remains more or less over the same piece of land throughout the simulation. The full set of partial differential equations for the fog, gaseous, and aqueous phases is solved using an operator splitting technique, in order to decouple the fog growth, the gas-phase chemistry and vertical transport, and the aqueousphase chemistry. If F i is the variable vector containing the gas-and aqueous-phase concentrations and fog variables, its value at time t + At is obtained from that at time t by
F/+ at) _ Agas(•t)Afog(•t)Aaq(2•t)Afog(•t)Agas(•t)F•t) (•5)
where Agas , Aaq , and Afog are the gaseous-chemistry, aqueous-chemistry, and fog operators described above.
The second stage of simulation ends when the fog dissipates. At this point, when all the liquid water has been evaporated, the fog and aqueous chemistry operators become inactive, and the model becomes once more an ordinary gas-phase only model. 
APPLICATION

Fog Development
The radiation model predicts that radiation fog starts developing just after sunset (1700 PST), reaches a maximum height of about 230 m, and dissipates by 1000 PST, the morning of the next day. The predicted fog evolution is shown in Figure 3 ues. An average concentration of 40 ppb is maintained during the night.
The behavior of the gas-phase concentrations of HNO3, NH 3, and H20 2 is quite interesting (Figure 10) . At 2300 the fog has reached a height of 140 m. When the aqueous phase is not present in a cell, these three species exist in the gas phase. When the fog enters a cell, these species rapidly disappear either because of their high solubility in the aqueous phase (NH 3 and HNO3) or because of fast reactions in the aqueous phase (H202). In this respect, the gravitational settling of the fog results in a "cleaning" of the lower atmosphere of these three species. The above model predictions agree with the reported gas phase concentrations of HNO3 and NH 3 [Waldman, 1986] the corresponding concentrations after fog dissipation, we use the concentrations of these species at 0845. The average concentrations refer to the entire modeling region (1000 m). A large part of this region has not been influenced substantially by the fog that occupied the lower 250 m only. The predicted aqueous-phase concentrations for sulfate and ammonium suggest that for the case studied here, the corresponding aerosol concentrations will be reduced, especially near the ground. The nitrate concentration remains practically unchanged. The reasons for this behavior lie in the sinks and sources of these species under foggy conditions. The only source of ammonia is the ground-level emissions. The fog accelerates significantly the deposition of ammonia, resulting in a significant decrease of the ammonium concentration in the aerosol phase. The decrease of the sulfate concentration is found to be less than that of ammonium due to the production of sulfate in the aqueous phase. The relatively small change in the nitrate concentrations is due to the production of nitric acid in the gas phase during the last hour of fog life. This production is much faster near the ground, where the NO 2 concentrations are higher in the early morning. This HNO3(g) is dissolved rapidly in the still existing aqueous-phase, resulting in a higher nitrate concentration.
An additional important question that should be addressed in the future concerns the effects of fog formation on the number concentration of aerosol particles as well as their size distribution. The present model can only predict aerosol mass, and a rigorous description of the aerosol particle microphysics must be added to address the above question.
Wet Deposition Rates
The average predicted and observed wet deposition rates for the major ionic species are presented in Figure 12 The results of this simulation are presented as the average deposition rates for the 16-hour period from 1800 January 4 to 1000 January 5 (Figure 13 ). These calct•lalions suggest that because of fog formation, the total average deposition rate increased almost 3 times. The deposition of S(IV) is found to increase only 25% because the gas-phase concentration decreases during the fog period. The most interesting change is the deposition of sulfate that increases about 30 times because of the sulfate production in fogwater. Ammonia and nitric acid gas-phase concentrations are very low inside the fog, so the corresponding dry deposition rates are very small, and the net increase is only twofold.
Sulfate Production
The main chemical change taking place in fogwater is the oxidation of S(IV) to S(VI) [Pandis and SeinJkld, 1989] . A mass balance for sulfur is presented in Figure 14 Summarizing, a 50% decrease in the parameter ag causes an average increase of the fog liquid water content by 30%, an average decrease of the liquid water deposition rate by 10%, an initial decrease of 25% in the aqueous-phase concentrations of the major ions that finally reduces to less than 5%, and an increase of the total mass of the major ions in the aqueous phase by as much as 30%. These results indicate that a good estimate of ag is required by the model and.
furthermore, that the gravitational settling of fog droplets affects considerably the chemical composition of fogwater. An additional test has been performed to study the importance of the deposition process in acidic deposition. In an imaginary scenario the water droplet settling has been neglected, and the liquid water content has been assigned a constant value of 0.3 g m-3, conditions that can be generally applied to a cloud simulation (case III). Only one computational cell has been used for this simulation, and the rest of the conditions (initial gas and aerosol concentrations, emissions, etc.) are the same as in the base case (case I). The fact that all the liquid water remains in the modeling region results in much higher concentrations of the major ionic species. The average S(VI), NH4 • , and NOr are 2.5, 3, and 2.7 times larger in case III than in the base case. The pH in case III remains higher than in the base case until the fog dissipation stage, when the pH is practically the same for both cases. The higher pH in case III can be explained by the fact that the neutralizing agent, ammonia, is not depleted from the system, keeping the pH at higher values. The gradual increase in the sulfate and nitrate concentrations finally compensates for this higher ammonia concentration, and the pH difference for the two cases becomes essentially zero after 0600 PST. The formation of the specific radiation fog causes reduction of the aerosol NH•-and SO42-content. The NOr content remains practically the same as that predicted in the absence of a fog due to production of nitric acid in the gas phase during the last 3 hours of fog life and subsequent dissolution of HNO3 in the existing aqueous phase. The deposition rates of the major ions are found to increase drastically during the fog episode, with increase of sulfate deposition being the most notable.
CONCLUSIONS
Several differences exist between a radiation fog and a representative cloud environment. Radiation fog develops typically under stable conditions, resulting in weak mixing and significant gradients in the vertical profiles of species like hydrogen peroxide, ammonia, and nitric acid. The deposition process during a dense radiation fog leads to rapid removal from the atmosphere of the m'ajor ionic species and tends to keep their corresponding fogwater concentrations to lower values. Because of the proximity of the fog to groundlevel sources of pollutants like SO2 and NO•, the corresponding gas-phase concentrations can reach much higher levels than in a cloud. In such a case, pathways for the suif'ate production that are of secondary importance in a cloud environment may become significant in a fog.
Expressing the mean droplet settling velocity as a function of liquid water content is found to be influential in the prediction of fog liquid water content, the total masses of the major ionic species in the aqueous phase, and the concentrations of these species in the first half of the fog life.
In the present model, aerosol or fog droplet size dependent processes such as aerosol nucleation, condensation, and coagulation, droplet growth, evaporation, and settling have either been described in terms of overall properties of the fog or have been omitted. The next level of detail in the modeling of acid deposition due to fog episodes requires the coupling of this model with one describing aerosol and fog droplet microphysics.
